The significance of bi-axial testing is increasing with the use of composites in more complex applications and the advent of new manufacturing techniques (Ash and Welsh. It is believed that the fabrication process used to make composite bi-axial specimens induces initial damage into the specimen (Smits. Exp Anal Nano Eng Mater Struct 2007; 35: 933-934). Two different methods were developed to reduce the amount of damage induced into a bi-axial tests specimen. In addition, the effect of stress concentration due to a center hole added to a composite bi-axial specimen is studied.
Introduction
Bi-axial testing of composite structures has been an important topic in the research community for some years now. Bi-axial test specimens in the past have typically been cruciform specimens ( Figure 1 ) with a tapered thickness gage section that is milled out using a Computer Numeric Controlled (CNC) high speed router. 1 The gage section is defined as the center of the intersecting loading arms in the cruciform specimen, where bi-axial stress occurs. [1] [2] [3] The purpose of the tapered thickness gage section is to increase the amount of bi-axial stress and force failure to occur in the gage section. If the cruciform specimen fails outside the gage section, then it is not failing under a bi-axial stressed state. [1] [2] [3] The tapered thickness gage section is typically milled with a high speed mill and router to a depth of 25% the thickness on each side of the composite. [1] [2] [3] To reduce the stress concentration in the loading arms, the intersection points are rounded and curved inward toward the center of the specimen. 4 By having the curvature of the intersecting arms come closer into the specimen, it reduces the amount of uni-axial stress at that point. In order to reduce the stress even more, tapered thickness gage section milling is required to achieve adequate bi-axial failure.
In this research, these specimens will be modified so that no milling of the gage section is required. The process of milling the gage section of the composite laminate inflicts initial damage to the specimen, which would yield inaccurate results. Two types of modified bi-axial specimens will be used. Type-I will have aluminum shims bonded to the rounded corner to reduce stress and ensure bi-axial failure in the gage section. Type-II comprises the composite material being sandwiched in between two layers of glass fiber material and the outer glass fiber layers milled out in the gage section. The gage section milling will only penetrate through the glass and not into the carbon fiber. This 'built-up' specimen is similar to work previously done by Ash and Welsh. 1 Both geometries had a standard tapered thickness gage section counterparts for comparison purposes.
Type-III tests consist of a center hole along with a standard tapered thickness gage section and Type-I geometry. This allows the effect of stress concentration at a hole to be compared to control specimens without a center hole. All tests were conducted at the AFRL Space Vehicles Directorate bi-axial testing machine 5 with four independent actuators that keep the specimen located at the center throughout the tests and therefore minimize any effect of eccentric loading.
The specimens, overall, are thick woven carbon fiber/ epoxy material for which bi-axial test data are not currently available. Specimens in the past have had a maximum thickness of 5.08 mm (0.20 in.). Specimens tested in this research have an average thickness of 6.35 mm (0.25 in.). Also, previous specimens use only uni-directional fiber composites and not woven carbon fiber composites. Two types of composites were fabricated, one out of IM7/UF3352 (Type-I/Type-III tests) and one out of IM7/977-2 (Type-II tests) materials with a G10 material surrounding it. Both used a [(0/90) 8 ] s lay-up. An additional lay-up configuration was tested for the Type-III tests (center hole specimens) of [(0/90) 4 (45/À45) 4 ] s .
Background information
Composite structures are typically fabricated out of fiber-reinforced polymers such as carbon-epoxy and glass-epoxy composite materials. Typical specimens are thin with thicknesses up to 5.08 mm (0.2 in.), but advanced applications require thicker materials. Also, the composites are usually made from uni-directional plies stacked into laminates, while the use of woven materials is increasing. The bi-axial research community has provided a collection of data on multiple lay-up configurations including cross-ply and quasi-isotropic specimens. 6, 7 However, to the authors knowledge, no one has used woven carbon fiber plies in a bi-axial cruciform study. There is a lack of data for any types of carbon fiber weave, and in this study, a four-harness carbon fiber satin weave will be implemented.
A structure that is in a bi-axial stressed state could also have a bolted connection directly through the bi-axial loaded zone. For instance, in a pressure vessel, pressure on the walls induces a bi-axial stress state while bolts are often used to attach connecting plumbing or simply to hold the pressure vessel caps in place. Accurately characterizing failure under bi-axial stress and in the presence of a hole is therefore important. Failure due to a stress concentration around a hole has previously been tested in a uni-directional specimen but not in woven carbon-fiber cruciform specimens.
Bi-axial specimen design and fabrication

Type-I specimens
The cruciform shape was based on the bi-axial cruciform design by Welsh and Adams. 6 The changes made to the specimen are the total length of the specimen, 161-152.4 mm (6.34-6 in.), the width of the arms 30.48-25.4 mm (1.2-1 in.), and the radius of the rounding at the intersecting arms 21.6-19.3 mm (0.85-0.76 in.) shown in Figure 1 . The 4 mm (0.16 in.) holes, shown in Figure 1 , are alignment holes used when testing the specimens.
The purpose of rounding the intersecting corners was to decrease the stress concentration at the corner of the intersection load arms. Finite Element Analysis (FEA) shows that adjusting the geometry alone in this manner is not sufficient to yield bi-axial failure (stress at the corner is always greater than that at the central gage section). Reduction of the gage section (milling) or increasing the thickness at the corners (additional shims) are therefore required. This effect can be seen in Figure 2 (notice higher stresses at the rounder corners and decrease toward the center of the specimen). Symmetry was used to model only ¼ of the specimen in the FEA (ABAQUS CAE, UNM, Albuquerque, NM).
A mesh refinement convergence test was done on the rounded corner of the specimen to check for accurate stress simulation. A close up of the rounded corner with the refined mesh can be seen in Figure 3 . The graph of von Mises stress versus mesh size (the highest value of stress was at the element at the center of the rounded corner) is shown in Figure 4 . The mesh size was progressively reduced by half and until the von Mises stress value converged at a value of 1613.4 MPa (234 ksi) corresponding to at an element size of 0.05 mm (0.002 in.).
A 1/1 load ratio, same amount of load applied in the x direction as in the y, was applied to the model and the resultant von Mises stress is shown in Figure 2 . The von Mises stress plot shows a high stress area at the rounded corner of the cruciform. The maximum stress shown has a value of 1613.4 MPa (234 ksi) from an applied stress of 689.4 MPa (100 ksi). As stated previously, if the cruciform specimen is not failing in the gage section, it is not failing under bi-axial loading. 1 Therefore, to reduce the stress at the rounded corner, aluminum shims were added to the cruciform specimen. A crescent moon-shaped aluminum shim was adhered to both faces of the specimen at each rounded corner. The interface of the shim and composite was modeled with a tie constraint. The tie constraint permitted the two parts to act as one uniform element. The FEA showed a decrease in stress at the rounded corner due to the addition of the shim ( Figure 5 ). Figure 5 also shows a stress concentration at the cusp of the shim due to the abrupt change in thickness from the bare composite.
Since the addition of the shim significantly reduced stress concentration at the rounded corners, this design was tested ( Figure 6 ; left). The results are described in the following sections. It should be noted that Figure 5 shows stress concentration away from the rounded region to the corner of the shim. It will be discussed later that this instigated failure at that location rather than at the gage section. While the stress concentration at these corners was both expected and evident from the finite element method (FEM) analysis, actual tests were carried out because the magnitude of this stress concentration could not be determined from the FEM analysis (presence of a sharp discontinuity results in stress singularity that cannot be properly quantified with an elastic FEM analysis).
The area under bi-axial stress was determined by recording the two principle stresses for each element from the middle of the rounded corner to the center of the cruciform. The gage section (area under biaxial stress) was defined as the area where the two orthogonal stresses were within 5% of each other. The shim area was designed to cover from the rounded corner up to the point of the bi-axial stressed elements. The thickness of the aluminum shims was adequate to remove the stress concentration, based on equation (1). Since the thickness of shims would depend on both the thickness and the stiffness of the composites to be tested, Figure 5 is an example demonstrating how the addition of shims causes both a reduction and a shift in stress concentration.
In this equation, E and t represent the elastic modulus and thickness, while the subscripts c and 'shim' designate the 'composite' and the aluminum shim, respectively (SC is the original stress concentration obtained from the FEA). Equation (1) is approximate, and based on the following premise:
Since the shim and the attached composite layer are subject to the same strain, the force in the shims is proportional to E shim Â t shim and the force in the composite layer is proportional to E c Â t c . Therefore, to reduce the force taken by the composite layer by a factor SC (stress concentration), E c Â t c ¼ total force (¼E c Â t c þ E shim Â t shim )/SC, which can be simplified to equation (1) .
These final specimens for the Type-I tests can be seen below ( Figure 6 , left). Photographs of the gage section for Type-1 tests can be seen in Figure 7 . These were tested in the bi-axial load frame located at AFRL with a 1/1 load ratio. The results were subsequently compared to the control specimens with tapered thickness gage section; which will be discussed later.
Type-II specimens
The Type-II specimen was a fall back to the AFRL's original geometric design. [1] [2] [3] The specimens were still made out of a woven carbon fiber-epoxy composite, but instead of aluminum shims, a built-up panel design was used to reduce stresses away from the gage section. The intent of the built-up design was to avoid the abrupt change in area where the shims meet the composite. It was deemed better to cover the entire specimen with this additional material to prevent the stress concentration seen in the Type-I shimmed specimens. Before the composite plate was machined, it was sandwiched between two G10 glass fiber panels. The changes made in this research from what was previously done by Ash and Welsh, 1 are as follows: The thickness of the G10 material previously used was 1.57 mm (0.062 in.) and the new thickness is 2.36 mm (0.093 in.). This was done to gain a similar thickness as in the Type-I tests. The adhesive previously used was Hysol 9309 and the new adhesive is a Hysol 0.762 mm (0.03 in.) film adhesive (Henkel Corperation, Bay Point, California) that was postcured to the composite plate. The previous Hysol 9309 is a two-part epoxy adhesive that is spread on to the plate by hand. This hand spreading is not an efficient way of adhering large panels together, as it can allow large amounts of trapped air into the bonding surface. The Hysol 0.762 mm (0.03 in.) film adhesive is cut to the size of the plate and placed in between the composite and the G10 then cured simultaneously with the composite laminate. The use of the film adhesive reduces the amount of trapped air or space that is lacking adhesive epoxy. The results that Ash and Welsh 1 obtained showed failure in the arms and not in the gage section. These improvements to their original concept were to yield better failure modes. Control specimens (not sandwiched between the G10 glass) were also machined out of the same woven composite material used in the center of the built-up panel. A picture of the two new specimens can be seen in Figure 8 .
Type III specimens
Type-III tests consisted of a study of the effect of a center hole stress concentration using the Type-I geometry. For the [(0/90) 8 ] s lay-up, a 6.35 mm (0.25 in.) hole was drilled directly in the center of three Type-I control specimens and three Type-I shimmed specimens. For the [(0/90)4(45/À45)4]s lay-up, nine specimens overall were tested. Three with a 6.35 mm (0.25 in.) hole, three with a 3.175 mm (0.125 in.) hole and three control specimens. These were then tested in the same bi-axial test facility, as before, under a 1/1 load ratio. A threedimensional FEM was done on the two geometries with the center hole prior to testing. The von Mises stresses resulting from linear elastic FEM analysis can be seen in Figures 9 and 10 .
The FEM for the Type-III control geometry shows a stress concentration factor (defined as local stress divided by the far-field applied stress) around the hole of approximately 3.0. The stress concentration around the hole in the Type-III shimmed specimen is 2.0. The reduction in stress concentrations is due to the addition of the shims and lack of tapering in the later (Figure 10) , which alters the stress flow in the gage section. The FEM of the Type-III control shows the maximum stress at a 45 angle from the X and Y directions (Figure 9 ).
Material characterization
Uni-axial tension tests were conducted on the IM7/UF3352 material to obtain necessary properties. The dimensions of the test coupon are as follows: 25.4 mm Â 254 mm Â 6.35 mm (1 in. Â 10 in. Â 0.25 in.). The test coupons used G-10 glass-epoxy tabs to reduce the likelihood of wedge grip failure. The tabs were attached with Hysol 9309 epoxy adhesive. Averaged result data for both lay-up configurations can be seen in Bottom (LAB) and Multi-mode At grip/tab Bottom (MAB) failures. 6, 7 Bi-axial testing All bi-axial specimens were tested at the AFRL Space Vehicles Directorate according to a modified ASTM D3039-07 test procedure and other publications on the design, fabrication and testing of composites. [8] [9] [10] [11] [12] [13] [14] [15] A total of 27 bi-axial specimens were tested, all with a 1/1 load ratio. The ultimate stress was obtained from bi-axial strain gages adhered to the gage section of the specimen. Due to the cruciform geometry of the specimens, the stress in the gage section is not the same as the stress applied to the arms 1,6 due to stress flow around the gage section. The actual stress in the gage section is first determined experimentally by multiplying the strain from the strain gage by the modulus of the material. A Bypass Correction Factor (BCF; equation (2)) can then be used to determine the stress in the gage section in additional specimens avoiding the need for strain gages. 1, 6 BCF ¼ ðModulusÞ effective measured ðLoad Þ measured =ðAreaÞ measured
Type-I test results
Type-I tests consists of the bi-axial geometry described previously with the addition of the aluminum shims. Three specimens were tested with the shims and three were tested with the standard tapered thickness gage section as the control specimens. The results and pictures of the failure can be seen in Table 2 and Figures  13-15 . Low coefficient of variation (CV) in Table 2 indicates that the tests were consistent and repeatable.
As shown in Figure 13 , failure in the control specimens is not in the bi-axial loaded gage section where it should occur. 1-3 A representative stress-strain diagram with both direction loadings (X and Y) is shown in Figure 14 . This shows that stress increased proportionately along both the axis with very little damage (nonlinear behavior) until failure. As shown in Figure 14 , the specimen failed at 793 MPa (115 ksi). Since the test exhibited premature fracture outside the bi-axially loaded gage section, no comment can be made of the actual bi-axial strength. However, comparing the average stress at failure to that of uniaxial tests (775 MPa in Table 2 versus 827.4 MPa in Table 1 ), it can be noted that the biaxial strength is not significantly lower that the uniaxial strength.
A picture of the failures for the shimmed specimens can be seen in Figure 15 . The failure of the shimmed specimens occurred at the location where the shim ends. This can be explained from the FEA results ( Figure 5 ) that showed stress concentration at that location. Damage initiates at that location leading to reduction in load carrying capacity in the Y direction while the X-direction load continues to increase (as evident in Figure 16 where the two stresses are compared). This explains the low failure stresses in Table 2 corresponding to the Y-direction.
The control specimen did not have shims but had a tapered thickness gage section with a 45 chamfer on both sides of cruciform that reduces the thickness of the specimen by half. The FEA of the control specimen with the tapered thickness gage section can be seen in Figure 17 . It can be observed that FEA predicted higher stresses at the rounded edges (where failure occurred in the control tests) as opposed to the gage section.
Type-II test results
All Type-II specimens, including the control, exhibited failure in the gage section where the specimen is experiencing bi-axial loads. Ultimate failure strengths can be seen in Table 3 . Once again, a low CV indicates excellent repeatability among the tests. Figure 18 (left) shows damage in the gage section along the diagonal for the built-up test specimens, as expected for a 1:1 stress ratio.
The left arm failure in the control specimen (Figure 18, right) was a postfracture failure due to the crack in the gage section. The arm fractures off once the initial crack propagates to the bottom left corner of the arm, which fractures shortly after the main failure. Stress-strain diagrams for both the control and the built-up specimens can be seen in Figures 19 and 20 , respectively.
The reason for the slight difference between the Type-II control specimens and the Type-II built-up specimens is primarily due to the thickness of the gage sections. The thickness in the built-up gage section is slightly thicker, 1.6 mm (0.064 in.), than that of the Type-II control specimen, 1.2 mm (0.048 in.), resulting in differences in stress flow through and around the gage section. 
Type-III test results
As previously discussed, the FEM for the Type-III control specimen shows a stress concentration factor 16 around the hole of 3. The stress concentration around the hole in the Type-III shimmed specimen is 2. A picture of failure originating at the 6.35 mm (0.25 in.) hole can be seen in Figure 19 . No failure was observed at the corner of the shims in any of these tests. While FEM simulation ( Figure 11 ) may indicate potential for failure initiation at the corner of the shims, it should be mentioned once again that a pure elastic analysis can lead to spurious results at locations where the cross-section changes are abrupt ( Figure 21 ).
For these particular tests, two lay-up configurations were tested, one being [(0/90) 8 ] s and the other a [(0/90) 4 (45/À45) 4 ] s . For the [(0/90) 8 ] s lay-up, six specimens were tested, three with a 6.35 mm (0.25 in.) center hole in a standard tapered thickness gage section specimen and three with a 6.35 mm (0.25 in.) center hole in the shimmed specimens. In the case for the [(0/90) 4 (45/ À45) 4 ] s lay-up, nine specimens were totally tested. Three standard tapered thickness gage section specimens did not have a hole for comparison purposes. The remaining six specimens also had a standard tapered thickness gage section but three with a 6.35 mm (0.25 inn.) center hole and three with a 3.175 mm (0.125 in.) center hole. Overall, all specimens in the Type-III testing exhibited the same type of failure. It was the amount of stress that differed from the varying cases. The results can be seen in Table 4 and the accompanying graphs ( Figure 22 ). For the [(0/90) 8 ] s tests, the reduction in strength from the control specimens (669-710 MPa) to those with holes (462-483 MPa) was much smaller than what was expected based on the 3.0 stress concentration factor obtained from the FEA (Figure 23 ). This deviation is due to damage initiation and propagation, which reduces stress concentration; behavior is no longer elastic as assumed in the FEA. The shimmed specimens, which already had a strength reduction due to stress concentration at the shims, do not show further strength reduction due to the hole. The strength values in the [(0/90) 4 (45/À45) 4 ] s lay-up did not seem to be affected by the addition of a center hole the specimens. In fact there was an increase in strength corresponding to the 3.175 mm (1/8 00 ) hole. Variation in layup sequence could introduce variation in stress flow resulting in a small hole being inconsequential.
Conclusions
The primary objectives of this research were to develop new bi-axial test specimens that would limit the amount of damage inflicted by machining and also to investigate the effect of a stress concentration due to a center hole added to a composite bi-axial specimen.
New bi-axial specimens with shims (Type-I specimens) failed prematurely outside of the gage section. However, the tests were repeatable and the data obtained still provide a reliable lower limit of bi-axial strength, useful for design purposes.
The results obtained from Type-II tests (improvements over work done by Welsh) 1 showed that a built-up panel configuration can yield reliable bi-axial failure while limiting the amount of damage inflicted to the composite. Overall, bi-axial failure data not previously available were obtained for thick woven carbon fiber specimens.
The Type-III tests results for the [(0/90) 8 ] s lay-up configuration showed only a 30% strength reduction, far less than predicted with linear elastic FEA. It is believed that satin weave composite and lay-up configurations results in gradual progression of damage prior to failure, reducing stress concentrations. The decrease in strength due to a hole was negligible for the [(0/ 90) 4 (45/À45) 4 ] s lay-up configuration. This indicates that the lay-up sequence influences stress concentration and linear elastic analysis is overly conservative in design for stresses around perforations in composite structures.
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